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Non-photochemical quenchingge multi-protein-complex consisting, in higher plants and green algae, of the PS
II core and the adjacent light harvesting proteins. In the study reported here, N-terminal His-tags were
added to the plastome-encoded α-subunit of cytochrome b559, PsbE, in tobacco plants, thus facilitating
rapid, mild puriﬁcation of higher plant PSII. Biolistic chloroplast transformation was used to replace the
wildtype psbE gene by His-tagged counterparts. Transgenic plants did not exhibit an obvious phenotype.
However, the oxygen evolution capacity of thylakoids prepared from the mutants compared to the wildtype
was reduced by 10–30% depending on the length of the His-tag, although Fv/Fm values differed only
slightly. Homoplasmic F1 plants were used to isolate PSII cores complexes. The cores contained no
detectable traces of LHC or PsaA/B polypeptides, but the main core subunits of PSII could be identiﬁed using
immunodetection and mass spectroscopy. In addition, Psb27 and PsbS were detected. The presence of the
former was presumably due to the preparation method, since PSII complexes located in the stroma are also
isolated. In contrast to previous reports, PsbS was solely found as a monomer on SDS-PAGE in the PSII core
complexes of tobacco.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Water-splitting photosynthesis is a process whereby light energy is
converted to chemical energy in membrane-bound pigment protein
complexes located in the thylakoid membranes of higher plants and
algae. The thylakoid system of higher plants and green algae can be
divided into the stacked grana, in which most of the photosystem II
(PSII) is present, and the un-stacked stroma membranes, where
mainly photosystem I (PSI) is located.
The only enzymatic complex able to perform the water-splitting
reaction is PSII, whose reaction centre contains the D1/D2 proteins,
which bind all the cofactors required for primary charge separation.
The PSII core also contains the inner antenna proteins CP47 and CP43,
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l rights reserved.number of smaller subunits. In the thylakoid membrane, PSII is
surrounded by the major light harvesting complex (LHCII) and the
minor antenna proteins CP29, CP26 and CP24, which jointly collect
and transfer light energy to the reaction centre.
The structure of cyanobacterial PSII has been determined to below
3.0 Å resolution, and the positions ofmost of the amino acid sidechains
and cofactors have been traced in PSII particles isolated from the
thermophilic cyanobacterium Thermosynechococcus elongatus [1–3].
However, since these cyanobacteria and higher plants differ in light
harvesting organisation (extrinsic phycobilisomes versus intrinsic
LHCs), composition of the OEC (dominant subunits PsbO, PsbU, and
PsbV versus PsbO, PsbP and PsbQ) and their ecological niches
(thermophilic versusmesophilic), there are also likely to be signiﬁcant
differences in the structure of their PSII complexes [4]. Still, up to date
no high resolution structure of a plant photosystem II core is available.
Several methods are available to prepare active photosystem II
complexes from higher plants, which include sucrose density centrifu-
gation and column chromatography methods [5]. However, when
isolating pure cores without the adjacent light-harvesting complexes,
yields are usually low [6]. Most methods rely on a ﬁrst separation step,
the preparation of PSII-enriched grana membranes, so-called BBYs [7].
This requires a critical solubilisation step with Triton-X100 to remove
the stroma thylakoids. But the detergent Triton X-100 has been
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[8]. There have been attempts to use thylakoids and directly solubilise
them by the milder detergent β-dodecylmaltoside (β-DDM), but yields
were extremely poor [9]. To circumvent these problems, preparation
methods for PSII complexes of Chlamydomonas reinhardtii and cyano-
bacteria were developed using quite well establishedmolecular biology
techniques. His-tags were fused to one of the subunits of PSII and
complexes were prepared by Ni-NTA afﬁnity chromatography. This
approach allows a great deal of freedom in the choice of detergent for
solubilising the thylakoidmembranes, andprovides a convenientmeans
to purify PSII complexes in a single step [10–14].
In order to achieve faster and milder PSII core preparations also
from higher plants, we set out to use the His-tagging technique in
tobacco. Here, the α-subunit of cytochrome b559 was chosen for His-
tagging higher plant PSII, for several reasons. Tagging of a stromal
terminus was preferred to avoid interfering with the OEC proteins and
the luminal loops of CP43 and CP47. Another important criterion was
proximity to the reaction centre proteins D1 and D2. In order to
maximise the scope to isolate different PSII complexes, like cores or
complexes retaining some LHC, the His-tags needed to be as close to
the reaction centre as possible. Unfortunately, this excluded the use of
any of the nuclear-encoded subunits of PSII. Taking also into account
restriction sites, operon structure and the fact that, in the plastome,
both strands contain coding regions, theα-chain of cyt b559 (PsbE) was
chosen for tagging. Tobaccowas selected since biolistic transformation
of plastid genes is well established for this species [15,16] and plants
easily produce enough biomass for biochemical experiments. The
biolistic transformation utilises the homologous recombination
machinery of the chloroplast to exchange the original sequences
with engineered sequences. Use of large ﬂanking regions up- and
down-stream of the gene of interest that are identical to the wildtype
(WT) DNA increases the probability of homologous recombination
[15]. Here we report the successful transformation of tobacco
chloroplasts with tagged psbE gene versions. Two mutants carrying
different tags at the N-terminus of the α-chain of cyt b559 were
created: PsbE-His6 and PsbE-His10. The isolated His-tagged PSII core
complexes were devoid of LHC polypeptides and showed high oxygen
evolution, and the Triton X-100 free samples can be used for further
analyses with respect to composition and function. For instance, we
found that the PsbS protein was strongly attached to the core and that
the Psb27 protein was also detected in the His-tagged PSII core
complexes.
2. Materials and methods
2.1. Construction of the transformation vectors
The region containing the psbE operon was isolated as a 2384 bp
SalI–SpeI DNA fragment from a tobacco plastid DNA library in
pBR322 [17] and ligated into a Bluescript KS+ vector (Stratagene),
which had previously been modiﬁed by removing the SacI restriction
site (pBS KS+ SacI−). His-tags were introduced by PCR using the
following oligonucleotides as primers in combination with a primerFig. 1. Introduction of the mutant psbE gene into the tobacco plastid genome. The plastid DNA
pBS KS+ SacI− vector (pEH) are shown. The aadA gene confers resistance to spectinomycin abinding to the 5′ region of psbE (P7652: 5′ - CCGAATGAGCTAAGA-
GAATCTT - 3′):
EH1a (His6): 5′ - T TTT GAG CTC AGC ATG CAT CAT CAC CAT CAC
CAT TCT GGA AGC ACA GGA GAA CGT - 3′
EH2a (His10): 5′ - T TTT GAG CTC AGC ATG CAT CAT CAC CAT CAC
CAT CAC CAT CAC CAT TCT GGA AGC ACA GGA GAA CGT - 3′.
Using the SacI and AgeI internal restriction sites in the psbE
operon, the restriction digested PCR fragments were ligated into the
correspondingly cut pBS KS+ SacI− vector carrying the cloned psbE
operon. A chimeric aadA gene conferring spectinomycin and
streptomycin resistance was isolated as a 1.1 kb Ecl136II–Dral
fragment from a plasmid clone [18] and ligated into the unique
EcoRV site [19] between the psbJ and petA genes. As plastid
transformation vectors, clones were selected that carried the aadA
marker in the same transcriptional orientation as the psbE operon. To
conﬁrm that the mutagenesis had yielded the desired results,
diagnostic restriction analyses were carried out and plasmid DNA
was sequenced before use (data not shown). The experimental design
is shown in Fig. 1.
2.2. Plastid transformation and regeneration of transplastomic plants
Tobacco (Nicotiana tabacum cv. Petit Havana) plants were grown
under aseptic conditions on agar-solidiﬁed MS salt and sucrose (30
g/l)-containing medium [20]. Sterile tobacco leaves were bombarded
with DNA-coated gold micro-projectiles (0.6 μm, Bio-Rad) using a
helium-driven Bio-Rad PDS-1000 biolistic gun as described earlier
[21]. Spectinomycin-resistant shoots were selected on RMOP medium
containing 500 μg/ml spectinomycin dihydrochloride. Homoplasmic
shoots were obtained by three or four rounds of regeneration on the
same medium and subsequently rooted on MS agar.
Regenerated plants were grown tomaturity and after selﬁng, seeds
of the F1 generation were assayed using RM medium supplemented
with spectinomycin. To ensure homoplasmy and insertion of the His-
tags, F1 plants were tested by PCR using leaf total cellular DNA extracts
as templates. Primers were used that allowed ampliﬁcation of both
the WT and the mutant version of the psbE gene. To resolve the small
size differences of the ampliﬁed products, 8% polyacrylamide/TBE gels
were used.
2.3. Growth and cultivation of tobacco plants
WTand transplastomic tobaccoplantswere grown for 10 to 12weeks
under a light regime of 8 h light and 16 h darkness per day, with a light
intensity of 100 to 150 μmol photons/(s∙m2). The plants were kept under
a constant temperature of 25 °C and 50% relative air humidity.
2.4. Thylakoid preparation
Thylakoid membranes were isolated from 10 to 12 weeks old
tobacco plants using all leaves except the primary leaves by afragment containing the psbE/F/J/L gene cluster (ptDNA) and the mutated version in the
nd serves as a selectable marker for chloroplast transformation.
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in 200 ml grinding buffer (50 mM Hepes, pH 7.5; 400 mM NaCl;
10 mM MgCl2; 2 g/l BSA; 0.5 g/l ascorbate) per 100 g of fresh weight.
The resulting leaf extracts were ﬁltered through at least four layers
of muslin and one layer of cotton and then centrifuged (10 min at
8600×g and 4 °C). The pellets, consisting of chloroplasts and cell
debris, were resuspended in about half the initial volume of
resuspension buffer (50 mM Mes–NaOH, pH 6.0; 150 mM NaCl;
5 mM MgCl2; 1 g/l BSA; 0.5 g/l ascorbate) and washed by a second
centrifugation (10 min, 8600 ×g, 4 °C). For physiological measure-
ments and for preparation of PSII fractions which still contained LHC,
the pellets were then resuspended in thylakoid buffer (20 mM Mes–
NaOH, pH 6.8; 15 mM NaCl; 5 mM MgCl2; 10% (v/v) glycerol).
Alternatively, if the thylakoids were to be used for PSII core
puriﬁcation, the pellets were resuspended in PSII buffer (20 mM
Mes–NaOH, pH 6.5; 100 mM NaCl; 10 mM NaHCO3; 12.5% (v/v)
glycerol) and washed again by a third centrifugation (10 min,
12,600×g, 4 °C).
2.5. PSII preparation by Ni-NTA afﬁnity chromatography
In order to obtain PSII complexes with LHC polypeptides bound,
thylakoid membranes were solubilised with 25 mM β-dodecylmal-
toside (β-DDM) at a total chlorophyll (Chl) concentration of 1 mg/ml
for 20 min on ice. Unsolubilised material was then removed by
centrifugation (10 min, 15,000 ×g, 4 °C) and the supernatant was
applied to a Ni-NTA column that had been pre-equilibrated with
thylakoid buffer containing 0.03% (w/v) β-DDM. After the column
had been washed with the same buffer, PSII-containing fractions
were eluted using thylakoid buffer supplied with 0.03% (w/v) β-
DDM and 150 mM imidazole. This procedure yielded PSII complexes
which still contained some LHC, thus referred to as ‘PSII-LHC’
preparation.
To isolate PSII core particles totally depleted of LHC, a modiﬁed
procedure was applied, which included the use of PSII buffer (with
a higher ionic strength, a lower pH and addition of NaHCO3).
Solubilisation was carried out at a higher Chl concentration (2 mg/
ml) and for only 10 min. The unsolubilised material was removed
by two centrifugation steps at 19,000 ×g, one for 10 min and the
other for 5 min. Binding of the material to the Ni-NTA resin,
previously equilibrated with PSII buffer supplemented with 15 mM
imidazole, 1 M betaine and 0.03% (w/v) β-DDM, could be enhanced
using batch loading and by incubating for about 1 h. Washing was
carefully done with the same buffer until the absorbance at 675 nm
reached values below 0.0005. PSII cores were then eluted using
elution buffer (40 mM Mes–NaOH, pH 6.5; 20 mM NaCl; 5 mM
MgCl2; 1 mM CaCl2; 10 mM NaHCO3; 0.03% (w/v) β-DDM; 300 mM
imidazole, 1 M betaine). To further improve the activity of the PSII
cores, the concentration of detergent in the column buffers was
reduced to 0.01% (w/v) β-DDM in some of the experiments. Eluted
PSII particles were washed and concentrated to a ﬁnal concentra-
tion of 1 mg/ml Chl using Vivaspin 20 (100 kDa cut-off)
concentrator devices.
2.6. Photometric determinations
Concentrations of Chl a and Chl b were measured photometrically
in 80% acetone using a Pharmacia Biotech Ultrospec 4000 or a Jasco
V500 spectrophotometer and calculated according to [23]. Absorption
spectra were recorded between 370 and 750 nm with an optical path
length of 1 cm and a band-pass of 2 nm.
2.7. Polyacrylamide gel electrophoresis of proteins and Western blots
For denaturing SDS PAGE, 10% separating polyacrylamide/urea gels
with 4% stacking gels were used [24]. Samples were denatured withRotiload (Roth) at room temperature before loading, and after the
electrophoretic separation the gels were stained with Coomassie
brilliant blue. For identiﬁcation of PsbP, isolated protein (a kind gift of
Dr. Rutherford, CNRS, France) was loaded as a reference.
Blue native gel electrophoresis was carried out using 6–13.5%
gradient gels with a 4% stacking gel according to [25]. Brieﬂy, PSII
complexes at 1 mg Chl/ml were mixed with 0.33 volumes of buffer
(750mM aminocaproic acid, 50mMBisTris–HCl pH 7.0, 0.5 mM EDTA)
and 0.33 volumes of Coomassie Blue Solution (5% serva Blue G,
750 mM aminocaproic acid, 35% sucrose). Electrophoresis was carried
out at 205 V for 5 h at 4 °C.
For Western blots, gels were ﬁrst equilibrated in cathode buffer
(25 mM Tris/HCl, pH 9.4; 40 mM glycine; 10% methanol). For
transfer of the proteins onto a PVDF membrane, ﬁlter papers
soaked in two different anode buffers (0.3 M Tris/HCl, pH 10.4; 10%
methanol and 25 mM Tris/HCl, pH 10.4; 10% methanol) and in
cathode buffer were used. Transfer was carried out for 30 to
60 min, at a current of 1.5 mA/cm2. The membranes were treated
with the antisera solutions, the resulting bands visualised by ECL
(Amersham) and signals were recorded on X-ray ﬁlm. Stripping of
the antibodies in order to probe one blot with different antibodies
was carried out as recommended by the manufacturer of the ECL
kit. Antibodies were directed against LHCII, PsbE, PsaA/B (kind gifts
of Dr Feierabend, University of Frankfurt), PsbS (a kind gift from Dr.
Funk, University of Umeå), D1 and D2 (a kind gift of Dr. Godde,
University of Bochum), and used in a dilution of 1:1000.
2.8. Mass spectroscopy
Bands of interest were subjected to in-gel digestion using
sequencing-grade modiﬁed trypsin (Promega). The proteins in them
were identiﬁed by peptide mass ﬁngerprinting and Post-Source Decay
tandem mass spectroscopy (PSD MS/MS) was carried out using a
Voyager STR-DE mass spectrometer (Applied Biosystems) [26]. In
some cases, a Q-TOF Ultima ESI mass spectrometer (Micromass) [27]
was used for protein identiﬁcation by capillary liquid chromatogra-
phy/MS/MS (CapLC/MS/MS) analysis. Fragment ion spectra were
submitted to MASCOT (http://www.matrixscience.com/) for database
search and identiﬁcation.
2.9. Oxygen evolution measurements
Oxygen evolution was measured with a Clark-type electrode
(Bachofer, Germany) at 20 °C with 1 mM 2,6-dichloro-p-benzoqui-
none and 1 mM ferricyanide as electron acceptors in the reaction
mixture. The measurements were carried out in thylakoid buffer
using a Chl concentration of 50 μg/ml. When isolated PSII particles
were measured the buffer was supplemented with 0.03% β-DDM.
2.10. Fluorescence measurement
Fluorescence measurements of plants were carried out at 20 °C,
using a Mini-PAM photosynthesis yield analyser (Walz, Germany).
Plants were dark adapted for 5 min before each measurement. The
maximal (Fm) and variable (Fv) ﬂuorescence values were recorded in
situ using intact tobacco leaves.
Flash-induced decay of the ﬂuorescence yield of thylakoids and
isolated PSII core complexes was measured using a double-
modulation ﬂuorometer (Photon Systems Instruments, Brno) in
the 150 μs to 100 s time range. Cores and thylakoids were used at a
Chl concentration of 10 μg/ml in an ordinary cuvette of 1 cm
pathlength. Samples were excited with a saturating red light ﬂash
of 30 μs and measuring light pulses had a duration of 10 μs. To
block QA to QB electron transport, DCMU was added at a ﬁnal
concentration of 20 μM. Fitting of the curves was carried out as
described by Vass et al. [28].
Fig. 3. Oxygen evolution rates of tobacco thylakoids measured using ferricyanide and
DCBQ as electron acceptors. Experiments on WT (diamonds, solid line), EH1a (squares,
dashed line) and EH2a mutant (triangles, dotted line) thylakoids are depicted as mean
values (with standard deviations) from at least three independent measurements.
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3.1. Construction of transplastomic tobacco plants
Two types of transplastomic tobacco plants expressing tagged PsbE
proteins were constructed: EH1a with a His6-tag and EH2a with a
His10-tag. The general design of the plasmid constructs used for
transformation of the plants is shown in Fig. 1. To allow for efﬁcient
integration of the tagged psbE alleles into the plastid genome by
homologous recombination, the modiﬁed psbE sequences were
ﬂanked by large stretches of sequences homologous to the corre-
sponding parts of the plastome. To facilitate selection of plastid
transformants, a resistance cassette (aadA) was introduced into the
spacer downstream of the psbE operon.
Plastid transformation experiments in tobacco yielded several
transplastomic lines with each construct. Primary transformants
were subjected to additional cycles of selection and regeneration to
eliminate residual wild-type copies of the plastid genome. To
ensure that the homoplasmic stage had been reached, F1 seeds
were tested by germination on antibiotic-containing medium and in
addition, the DNA of F1 plants was checked by PCR using primers
allowing the ampliﬁcation of both the WT and mutant alleles. This
is shown in Fig. 2 for the two transplastomic lines used for further
work, EH1a/13 (lane 2) and EH2a/34 (lane 3). In both cases, the
occurrence of only one psbE allele in the F1 generation can be
observed. The increases in size compared to the WT are of the
expected size in that they correspond to the addition of the His6
and His10 coding sequences. We therefore conclude that homo-
plasmic transplastomic plants with His-tagged PsbE protein versions
were successfully generated.
3.2. Characterisation of transplastomic plants
When WT plants, EH1a and EH2a mutants were grown under
standard conditions (25 °C, 8 h 100–150 μmol photons s−1 m−2 light),
no signiﬁcant differences were detected in the growth, size, ﬂower-
ing times, overall morphology or leaf cross sections of transplastomic
and WT plants (data not shown). Furthermore, the Chl contents,
both per unit leaf area and per unit leaf fresh weight, were very
similar in the transplastomic and WT tobacco plants (data not
shown), whereas the Chl a/Chl b ratios were reduced from 3.8 (WT)
to 3.4 (EH1a) and 3.1 (EH2a), respectively. In addition, when the
oxygen evolution was measured on isolated thylakoids to evaluate
the PSII activity of the mutants directly, quantitative differences
could be detected. As seen in Fig. 3, the oxygen evolution rates of
thylakoids from the two mutants were somewhat lower than in the
WT, which showed values comparable to those reported in the
literature [29]. This effect was more pronounced in the mutant with
the longer His-tag (His10), whereas the EH1a mutant displayed a
reduction of only roughly 10% of the maximal rate compared to theFig. 2. Gel electrophoresis of PCR fragments to conﬁrm the presence of His-tag encoding
psbE sequences in the F1 generation of transplastomic tobacco plants. The template
DNA for the PCR was obtained from total DNA extracts of leaves of WT (lane 1), EH1a/13
(lane 2) and EH2a/34 (lane 3). Expected sizes for PCR products are 169 bp forWT,187 bp
for EH1a (His6) and 199 bp for EH2a (His10).WT. The decrease in maximal photosynthesis under saturating light
intensities could be due to the impairment of PSII function, or to a
decreased amount of PSII per total Chl as already indicated by the
higher relative Chl b content, a marker for LHCs. Thus, the function
of PSII was further evaluated by determining the PSII quantum
efﬁciency (Fv/Fm). Whereas the WT plants showed normal values of
0.81±0.01, the yield of the mutants was slightly reduced to 0.78±
0.02 (EH1a) and 0.77±0.02 (EH2a), respectively. This demonstrates
that the His-tagged complexes are functionally active. However, as
EH1a showed the highest activity, this mutant was chosen for
further analysis and isolation of PSII complexes.
3.3. His-tag facilitated PSII preparation
Thylakoids from transgenic tobacco plants (EH1a) were solubi-
lised with the mild detergent β-dodecylmaltoside (β-DDM) and
applied to a Ni-NTA column. The PSII complexes were eluted in a
one-step process. To evaluate the content of chlorophyll-binding
protein complexes, absorption spectra in the wavelength range from
370 to 750 nm were recorded. Fig. 4 shows spectra of solubilised
thylakoids (dotted line) and PSII complexes obtained by the two
different preparation methods, i.e. ‘PSII-LHC’ complexes (dashed line)
and PSII cores (solid line), normalised to their QY absorption
maximum to facilitate comparison. The spectra of solubilised
thylakoids and ﬂow-through (data not shown) fractions were almost
identical and showed the characteristic peaks of Chl a, Chl b andFig. 4. Absorption spectra of His6-PSII-LHC complexes (dashed line) and His6-PSII cores
(solid line) isolated by Ni-NTA afﬁnity chromatography from the EH1a mutant. For
comparison a spectrum of solubilised thylakoids (dotted line) is also shown. All spectra
are normalised to the QY absorption band.
Fig. 5. SDS-PAGE and immunoblots of the isolated His6-PSII cores from the EH1a
mutant. For the Coomassie stained gels, 4 μg of Chl were loaded per lane in case of
His6-PSII cores (lanes A–D) and stroma thylakoids (lane S), and 8 μg Chl for whole
thylakoids (lane T). For Western blots, 3 μg Chl were used. His6-PSII cores were
isolated using buffers complemented with 0.03% β-DDM either at pH 6.5 including
betaine (lane A, standard protocol), at pH 6.5 without betaine (lane B) or at pH 6.0
without betaine (lane C). His6-PSII cores isolated as in (A), at pH 6.5 including
betaine, but with a lower detergent concentration (0.01% β-DDM) are shown in lane
D. The protein bands which were identiﬁed are numbered as in Table1. In the
middle, immunodetection of D1, D2, PsbE and of the main subunits of PSI (PsaA/B)
is displayed. Letters above the blots indicate the samples used for blotting as shown
on the gels. On the bottom of the ﬁgure the immunodetection of LHC proteins and
PsbS, in the same His6-PSII core preparations as used for the gels and in thylakoids,
are compared.
Table 1
Subunit composition of PSII core fractions isolated from transgenic tobacco plants
(EH1a, His6) using the standard protocol
Protein Band #
(Fig. 5)
Western
blot
Comparison with
isolated subunits
MSa
PSII
PsbA (D1) 7 + +
PsbB (CP47) 3 +
PsbC (CP43) 4 +
PsbD (D2) 6 + +
PsbE 12 + +
PsbF 13 +
PsbH 14 +
PsbO 5 +
PsbP 8 +
PsbQ 10
Psb27 11 +
PsbS 9 + + +
Non PSII
Glycine
dehydrogenase
1 +
β-subunit of
mitochondrial ATPase
2 +
PsaA/B n.d.
LHCII n.d.
n.d. not detectable.
a MALDI-TOF peptide mass ﬁngerprint and PSD MS/MS or CapLC/MS/MS.
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be bound by the antenna complexes of both PSI and PSII, but not by
the respective cores [3,30,31]. The spectra of the eluate fractions of
both isolated PSII complexes showed reductions in the absorption of
Chl b (∼647 nm) and the xanthophylls of the antenna complexes
(∼480 nm), which was more pronounced in the case of the PSII
cores. The red maxima of the spectra were found to be shifted from
677 nm to 675 nm. This shift is partly due to the loss of PSI and its
very high wavelength-absorbing Chl a molecules [32]. However, in
‘PSII-LHC’ there is still some Chl b and carotenoid absorption visible,
indicative of an unknown amount of LHC polypeptides bound. This
opens up the interesting possibility to adapt this preparation method
to isolate different PSII complexes in a very efﬁcient way. However,
in this work we focused on the isolation of PSII cores devoid of LHCs.
Using an optimised protocol for the puriﬁcation, a complex virtually
free of Chl b absorption could be isolated (Fig. 4, solid line). In the
following text we focus on the characterisation of this PSII core
complex isolated from EH1a.
3.4. His-PSII core complex characterisation
The polypeptide composition and purity of PSII particles isolated
from mutant EH1a were investigated by denaturing gel electrophor-
esis (Fig. 5, lane A). The proteins of the preparation were further
identiﬁed by immunoblots and mass spectrometry (for numbering
and a summary of identiﬁed proteins in the isolated complex, see
Table 1). The isolated PSII particles displayed a composition typical for
PSII, including all of themain subunits: the reaction centre proteins D1
and D2, the inner antenna proteins CP47 and CP43, and the extrinsic
proteins PsbO, PsbP and PsbQ. PsbE, the subunit that was His-tagged,could also be identiﬁed, together with several other low molecular
mass subunits that became visible in high resolution SDS-PAGE (data
not shown). A summary of all proteins identiﬁed in the preparation is
displayed in Table 1.
However, using only one preparation step, a couple of other
polypeptides having a higher molecular weight were found in the
samples as well. Earlier reports using the Ni-NTA technique suggest
that some proteins have a natural afﬁnity for the matrix. To test this,
WT tobacco thylakoids were solubilised and loaded on the Ni-NTA
column. In contrast to the His-tagged tobacco strains, we did not
expect to isolate PSII this way, since no speciﬁc binding of pigment
binding protein complexes to the matrix should occur. This control
experiment revealed again the presence of these bands (data not
shown) as seen in the PSII preparation from the mutant (Fig. 5).
Thus, these bands are impurities in the PSII preparations that bind
unspeciﬁcally to the column material. Two of the bands were also
analysed by mass spectrometry and identiﬁed as chloroplast glycine
dehydrogenase (band 1, Fig. 5) and the β-subunit of the mitochon-
drial ATPase (band 2).
Various attempts to inﬂuence the amount of these impurities
through changes in buffer pH and by omitting betaine during the Ni-
NTA chromatography did not signiﬁcantly reduce the content of the
two proteins (Fig. 5, lanes A–C). In most cases, even more glycine
dehydrogenase was found in the PSII cores and lowering the pH also
enhanced the amount of the ATPase subunit signiﬁcantly. Unfortu-
nately, higher pH values could not be used for the preparations since
the functionality of the cores became impaired (data not shown). The
amount of LHCII was also increased at lower pH, whereas, when using
our standard protocol (pH 6.5 and 1 M betaine), the PSII cores were
free of LHCII. PSI could only be found in trace amounts even in the pH
6.0 preparations (Fig. 5).
During the characterisation of the His6-PSII core complexes, two
unexpected proteins were found: subunits PsbS and Psb27. The PsbS
protein was identiﬁed by both MALDI-TOF and immunoblotting,
whereas the Psb27 protein was identiﬁed only by Q-TOF, due to the
lack of speciﬁc antisera. Since the presence of PsbS was a constant
feature of the preparations, we wondered whether this was simply
due to co-elution of the hydrophobic PsbS protein or to it speciﬁcally
binding to PSII. As demonstrated in Fig. 5, the presence of PsbS was
Fig. 6. Blue native PAGE and immunoblots of the isolated His6-PSII cores. The left lane
(BN) shows the blue native gel electrophoresis of His6-PSII cores that were isolated
using the standard protocol, and then separated by BN PAGE. The PsbS and D2 signals
obtained from immunoblots of the gel are shown in the right lanes.
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presence of betaine, although amounts varied slightly between the
different methods. In addition, PsbS was not co-eluted with the LHCII
contaminations (Fig. 5), since the samples prepared at pH 6.0
contained both proteins, whereas in samples prepared at pH 6.5 only
PsbS was present. In addition, isolated His6-PSII cores were run on
blue native gels and immunoblotted (Fig. 6). The results indicate that
PsbS was present only in bands that yielded in addition clear D2
signals, and thus contained PSII.
3.5. Function of the isolated PSII core
We next wanted to assess the functional activity of the PSII core
complexes. To this end, QA reoxidation kinetics and oxygen evolution
rates were measured. The His6-PSII cores isolated without betaine
showed an oxygen evolution of as little as roughly 450 μmol O2/mg
Chl h, whereas those isolated in the presence of betaine (standard
protocol) were able to produce around 750 μmol O2/mg Chl h (Table
2). In an attempt to improve this further, we decreased the detergent
concentration during extraction from 0.03% to 0.01% β-DDM, which
resulted in even higher oxygen evolution rates (around 1400 μmol
O2/mg Chl h), whilst the polypeptide composition remained the
same except for the contamination with glycine dehydrogenase and
ATPase subunit (Fig. 5, lane D). Generally, oxygen evolution rates
were highest when the buffers used to purify the cores contained
low concentrations of detergent, high concentrations of betaine, and
salts like NaHCO3.
To examine the acceptor side of the PSII cores, QA reoxidation
kinetics after single ﬂash excitation were measured and curves ﬁtted
according to [28]. Since no PSII core complexes from WT were
available as a control, we ﬁrst compared thylakoids from WT andTable 2
Rates of oxygen evolution from isolated His6-tagged PSII cores
pH 6.5 pH 6.5
betaine
pH 6.5 betaine
low detergent
NaHCO3 10 mM 10 mM 10 mM
β-DDM 0.03% 0.03% 0.01%
betaine 1 M 1 M
Oxygen evolution [μmol O2/mg Chl h] 430±48 750±32 1390±290
Puriﬁcations were carried out using the indicated changes in buffer composition for the
column chromatography. The middle column represents the standard protocol. Values
represent means±standard deviations of measurements of 3–7 independent core
preparations.His6-mutants. Traces were identical (data not shown) and similar to
those measured from Synechocystis [33], further demonstrating that
the mutant is not impaired in PSII function. The results from His6-
PSII core complexes are shown in Fig. 7. The reduction of QA by a
ﬂash results in a prompt increase of ﬂuorescence yield, which is
followed by a dark decay. This decay is characterised by three phases.
The fast phase has a time constant (τ) of 0.75 ms and accounts for
about half of the total amplitude (A). This phase can be attributed to
the oxidation of QA− by forward electron transport to QB, prooﬁng the
existence of bound QB in the isolated His6-PSII cores. The second
phase (τ=22 ms, A=∼30%) reﬂects re-oxidation of centres which had
QB not properly bound at the time of measurement and have to re-
bind a plastoquinone molecule from the pool [28], whereas the
slowest phase (τ=1.3 s, A=∼20%) reﬂects QA− re-oxidation via back
reaction with the S2 state of the water splitting complex. As
expected, the two faster phases are completely abolished by the
action of DCMU (Fig. 7).
3.6. Yield of extraction
The majority of the chlorophylls is not bound to the PSII core in
vivo, but to PSI and to LHCII complexes instead. The PSII cores
contain approximatively 35 Chl per reaction centre [2] and the total
Chl per PSII reaction centre in plants has been estimated to be
around 600, depending on light and growth conditions [34]. Thus,
the maximal yield of PSII cores which can be expected is only about
6% in terms of chlorophyll. In our preparations, 1–1.4% of the original
amount of chlorophyll was recovered in the ﬁnal sample. Thus we
can estimate a yield of about 17–25% of pure PSII cores. This
translates into roughly 1.2–1.7 mg of Chl bound to PSII per 100 g of
tobacco leafs. These calculations were found to be valid for both
His6-tagged (EH1a) and His10-tagged (EH2a) plant lines. In addition,
no signiﬁcant differences between the His6-tagged or His10-tagged
isolated PSII complexes concerning polypeptide composition of
oxygen evolving rates were observed (data not shown). This method
of PSII preparation opens up new possibilities for experimentsFig. 7. Flash induced ﬂuorescence decay of His6-PSII cores. Samples were illuminated
with a saturating ﬂash (30 μs duration) of red light. Closed symbols represent His6-PSII
cores at 10 μg Chl/ml and open symbols demonstrate samples treatedwith 20 μMDCMU
prior to measurement. Traces represent means of 5 independent measurements each.
Time constants (τ) and relative amplitudes (A) of the three different decay phases were
ﬁtted according to [28]. The solid lines represent the ﬁts.
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spectroscopic experiments.
4. Discussion
Chloroplast transformation is a powerful tool for studying the
functions of plastid genome-encoded genes by reverse genetics [35].
Knock-out of genes and open reading frames by insertional or
deletional mutagenesis and introduction of point mutations by site-
directed mutagenesis have revealed important insights into the
function of plastid genes in photosynthesis and plant development
[e.g. 21,36–38]. Although photosynthetic complexes in green algae
and cyanobacteria have already been extended with His-tags [10–
12,14], we here report for the ﬁrst time the production of a higher
plant photosystem II carrying such tags.
The addition of a His-tag to PsbE, a subunit located close to
the reaction centre of PSII, had no apparent effects on the
phenotype (growth and morphology) of the plants. The only
differences detected between the wildtype and the His-tagged
mutants were a somewhat lower Chl a/Chl b ratio and a slightly
reduced oxygen evolution capacity of the transplastomic compared
to the WT thylakoid membranes. This can be explained by lower
numbers of PSII complexes per total chlorophyll in the thylakoid
membranes of the mutants compared to the WT, since the
efﬁciency of PSII complexes measured as Fv/Fm was almost the
same. This interpretation is further strengthened by the ﬁnding
that PsbE is an important factor for the assembly of PSII
complexes [39,40]. Thus, an addition of charged histidine amino
acids to this protein is likely to have some negative inﬂuence on
the number of functional PSII complexes assembled. Still, the
effects on oxygen evolution, Fm/Fv and the overall phenotype are
very little compared to tobacco mutants where a phenylalanine
had been changed to a serine in the α-helical region of the β-
subunit of cyt b559 [41].
The use of Ni-NTA chromatography for purifying PSII has several
advantages compared to classical methods using WT plants. Firstly,
a wider selection of detergents can be applied, since it is not
essential to prepare grana membranes by using Triton X-100 ﬁrst.
Secondly, by appropriate adjustments to the solubilisation condi-
tions and stringency of the washing procedure during the PSII
preparation by Ni-NTA chromatography, the amount of LHC
polypeptides bound to PSII can be reduced to various degrees.
Also after more stringent washing, leading to the isolation of LHC-
free PSII cores, these complexes are still functionally active as
demonstrated by the oxygen evolution rates of up to 1400 μmol O2/
(mg Chl h) (Table 2), which were in the range of the highest values
published for higher plant PSII complexes [42,43], demonstrating
intactness on the donor side of PSII. In addition, QA reoxidation
kinetics demonstrated the existence of QB bound to these
complexes. The amplitudes and time constants are in the range of
what is published for spinach and Thermosynechococcus cores [28].
The fastest phase, attributed to forward electron transport to QB,
had an even higher amplitude in the His6-PSII cores compared to
spinach cores and generally less contribution from the back reaction
with S2. Thus, the acceptor side of the His6-PSII cores is highly
functional as well.
In higher plants, functional PSII is predominantly found in the
grana membranes. However, PSII complexes that are under repair or
being assembled [44], and more generally less functional forms of
PSII, like PSIIβ, are found in the stroma lamellae [45,46]. It should be
noted that in contrast to most preparation methods, the method
reported here puriﬁes all PSII complexes, since stroma membranes
are not removed before PSII is extracted. This could explain the at
ﬁrst sight surprising ﬁnding that variable amounts of Psb27 were
present in our PSII core samples. Psb27, a lipoprotein, was ﬁrst found
in Synechocystis as a component of PSII based on N-terminalsequencing [47] and later again in proteomic analyses of PSII [48].
It was suggested to be involved in the repair of photosystem II in
both cyanobacteria [49] and Arabidopsis [50]. Whereas cyanobacter-
ial PSII complexes containing psb27 were isolated and thoroughly
characterised [49], there are no reports on PSII complexes containing
psb27 in higher plants. Here we show that Psb27 can be quite tightly
bound to higher plant PSII cores, since the protein stays bound to the
complex despite stringent washing.
A feature that is not related to the repair but the protection of
photosystem II is the presence of the PsbS subunit in the core
preparations. The PsbS protein is suggested to be essential for non-
photochemical quenching in higher plants, a protection mechanism
that increases non-radiative energy dissipation under high irra-
diances [51]. Originally PsbS was described as a 22 kDa granal
protein by Ljungberg et al. [52] in spinach, but up to now
contradictory ﬁndings regarding the precise localisation of PsbS in
the thylakoid membrane have been published. A location in the
LHC fraction [53] as well as on the interface between PSII core and
LHC [54,55] was discussed, but later Nield et al. [56] did not detect
any PsbS in supercore dimers of PSII from spinach (consisting of
the core and a set of one each of LHCII, CP26 and CP29). Recently,
Bergantino et al. [57] reported the co-puriﬁcation of PsbS with PSII
complexes and LHCII from maize in sucrose density gradients.
Later, Teardo et al. [58] found indications that PsbS interacts not
only with LHCII and CP29, but also with PSI, Cyt b6f and ATPase
subunits in the same species. One explanation for these contra-
dictory reports could be the strong hydrophobicity of PsbS making
it quite a “sticky” protein. However, here we could show a co-
puriﬁcation of PsbS with PSII cores devoid of LHC proteins, which
would locate PsbS closer to the PSII reaction centre. This
interaction of PsbS with PSII cores was preserved even after a
further puriﬁcation step (BN PAGE). On the other hand, the relative
amount of PsbS found in the core fraction was higher when
betaine was omitted from the buffers, although betaine is assumed
to preserve the structure protein complexes [59]. Even though co-
elution cannot be totally excluded, our data support the idea that
the PsbS protein binds to the PSII cores in our His-tagged plants.
PsbS is assumed to be active as a monomer, although even in
denaturing gels it can be detected as a dimer [57]. This strong
dimerisation, withstanding even solubilisation by SDS, occurs when
isolated thylakoids are incubated at basic pH or are obtained from
dark adapted plants and this led to the conclusion that the
monomeric form is bound to LHC under both neutral or acidic pH
conditions, whereas PSII binds PsbS preferentially in the dimeric
form and under neutral conditions [57]. Here, under slightly acidic
(pH 6.0) conditions, we only found monomeric PsbS in the gels of
the PSII core fractions.
In conclusion, we were able to successfully create plants
carrying a His-tag at PsbE and to isolate functionally active PSII
complexes from tobacco. The puriﬁcation methods presented here
will facilitate spectroscopic investigations, such as measurements of
excitation energy transfer that require highly active samples. In
addition, they should facilitate further structural analyses since
intermediates of the PSII assembly as well as cores and LHC
containing cores can be easily isolated. A further separation step
like e.g. gel ﬁltration to separate stromal monomeric complexes
from the granal dimers should then yield samples suitable to
achieve the ultimate goal to obtain high resolution structures of
higher plant PSII.
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